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e analyzed the spatial expression patterns of the genes involved in myosin function by in situ hybridization at the tipped
ggregate and early culmination stages of Dictyostelium. Myosin heavy chain II mRNA was enriched in the anterior
prestalk region of the tipped aggregates, whereas it disappeared from there and began to appear in both upper and lower cups
of the early culminants. Similarly, mRNAs for essential light chain, regulatory light chain, myosin light chain kinase A, and
myosin heavy chain kinase C were enriched in the prestalk region of the tipped aggregates. However, expression of these
genes was distinctively regulated in the early culminants. These findings suggest the existence of mechanisms responsible
for the expression of particular genes. © 2000 Academic Press
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chain kinase; upper cup; Dictyostelium.initiated the Dictyostelium cDNA project. We have analyzed
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tINTRODUCTION
Upon starvation, free-living Dictyostelium cells aggre-
gate into a hemispherical mound (loose aggregate) which, in
turn, develops into a tight aggregate. After a while, a tip
forms at the top of the aggregate and elongates to form the
first finger. In this process, Dictyostelium cells differentiate
into only two basic cell types, prestalk and prespore cells,
which are the respective precursors of the stalk and spore
cells of the fruiting body. This morphogenetic process
includes the formation of a high degree of spatial patterning
of the anterior prestalk–posterior prespore cells.
The genome size of Dictyostelium is 34 Mb (Kuspa et al.,
992), only about twofold larger than that of Saccharomyces
erevisiae. Taking advantage of such small genome size, we
1 To whom correspondence should be addressed. Fax: 81-6-6850-
5817. E-mail: mmaeda@bio.sci.osaka-u.ac.jp.114DNAs for mRNAs prepared from the first fingers (Morio et
l., 1998) and have identified 4775 independent clones (Morio
t al., in preparation). By the use of these clones, we plan to
nalyze their spatial expression patterns by whole-mount in
itu hybridization optimized for Dictyostelium by Escalante
nd Loomis (1995). We, first, focused on the genes encoding
roteins involved in myosin functions. Dictyostelium is the
rst living organism in which the gene encoding conventional
yosin heavy chain (MHC-II) has been disrupted by either
omologous recombination or the expression of its antisense
NA (De Lozanne and Spudich, 1987; Knecht and Loomis,
987). Surprisingly, the mutant cells lacking MHC-II still
urvived, but their development was arrested at the mound
tage (Knecht and Loomis, 1987, 1988; De Lozanne and
pudich, 1987). In this connection, the findings by Eliott et al.
1991) and S. Yumura et al. (1992) are noteworthy. According
o their immunohistochemical studies, MHC-II was observed0012-1606/00 $35.00
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115Spatial Gene Expression in Dictyosteliummainly in anterior prestalk cells of a migrating slug. These
findings suggest that myosin plays a crucial role in prestalk
cells for multicellular development. The role of myosin
throughout Dictyostelium development was further exam-
ned by the use of a mutant producing cold-sensitive MHC-II
Springer et al., 1994). It was shown that myosin is required at
wo different developmental stages, i.e., at the tipped aggre-
ate and the culmination stages. At the culmination stage,
yosin is likely to function in lifting the spore mass toward
he top of the fruiting body. This likelihood is supported by
he finding of Sternfeld (1998) that the upper cup cells, located
bove differentiating spores, play an indispensable role in the
urther elevation of the spore mass to the top of the stalk.
ndispensable function of myosin in multicellular develop-
ent was supported by another fact that a mutant missing
egulatory light chain (RLC) never developed beyond the
ound stage (Chen et al., 1994; Chen et al., 1998). Although
there is a gap between the extent of mRNA expression and
myosin function, systematic analysis of the spatial expression
pattern of functionally or structurally related genes might lead
to unpredicted findings and contribute to our understanding of
Dictyostelium development.
MATERIALS AND METHODS
Strain and Culture
Dictyostelium discoideum Ax2-8A (subcloned from Ax2 strain
in Y. Maeda’s lab at Tohoku University) was used throughout this
study. Cells were grown at 21°C in HL5 medium (Watt and
Ashworth, 1970) and harvested at 2–5 3 106 cells/ml. After being
ashed in ice-cold PB (12 mM NaK2 phosphate buffer, pH 6.1), cells
were resuspended in PB at 1 3 108 cells/ml. Ten milliliters of the
ell suspension was allowed to develop on a sheet of filter paper
Whatman 50) (15 cm in diameter) placed on 1% nonnutrient agar
late.
Fixation and in Situ Hybridization
Whole-mount in situ hybridization analyses were performed
asically according to the method of Escalante and Loomis (1995).
or hybridization, all probes were used at 25–50 ng/ml. After
roperties of cDNA Clones and RNA Polymerases Used for the Pr
Protein cDNA clone name
Insert size
(kb)
MHC-II FCL-AA08 3.2 pSPO
ELC SSL189 0.6 pBlu
RLC SSJ450 0.8 pBlu
MHCK-A SLB254 4.4 pSPO
MHCK-B SSG490 2.8 pBlu
MHCK-C FC-AN09 2.2 pSPO
MLCK SLE324 1.2 pSPO
D19 (PsA) SSJ770 0.9 pBluCopyright © 2000 by Academic Press. All rightybridization, the color reaction was performed for 30 min to 2 h.
ictures were taken with a digital camera set (Olympus HC-300)
ttached to a stereomicroscope (Olympus SZX12).
t Study
ctor
RNA polymerase
Accession No.
(GenBank/DDBJ)Antisense Sense
1 SP6 T7 M14628
pt II KS(2) T7 T3 X54161
pt II KS(2) T7 T3 M25251
1 SP6 T7 U16856
pt II KS(2) T7 SP6 U90946
1 SP6 T7 AF079447
1 SP6 T7 M64176
pt II KS(2) T7 T3 P12729
FIG. 1. Schematic illustration of various cell types in a tipped
aggregate (first finger) and early culminant. Multicellular structures of
Dictyostelium are composed of basically two cell types, i.e., prestalk
(Pst) cells and prespore (Psp) cells. Analysis of the expressions of ecmA
and ecmB revealed that there exist a few subpopulations of prestalk
cells such as PstA, PstO, PstAB, ALC, and rear-guard cells (Early et al.,
994). (A) A tipped aggregate. Anterior tip region is composed of PstA
ells that express ecmA and occupy the anterior half of prestalk region
PstA) and PstO cells, which occupy the posterior half. ALC is an
nterior-like cell scattering throughout the posterior Psp region
Sternfeld and David, 1981), which express both ecmA and ecmB
Early et al., 1994). The rear guard is another type of Pst cells. (B) An
arly culminant. PstA cells in the tipped aggregates begin to express
cmB in the early culminant. Thus they are called PstAB cells. They
nter the stalk tube and ultimately differentiate into stalk cells. Here,
very short stalk tube is illustrated in the central core of the anterior
restalk region. Both upper cup and lower cup are the tissues derived
rom ALCs.esen
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116 Maeda et al.DIG-Labeled RNA Probes
For hybridization, DIG-labeled RNA probes were prepared by use
of a DIG RNA labeling kit (Roche Diagnostics) for in vitro
transcription according to the manufacturer’s protocol. Properties
of the cDNAs and RNA polymerases in this experiment are
summarized in Table 1. All the cDNAs used were cloned into the
Sal I–NotI sites of pBluescript II KS(2) (Stratagene) or pSPORT 1
(GIBCO BRL, Life Technologies, Inc.) (Morio et al., 1998). As the
cloning was designed to be unidirectional so as to locate the
39-terminus of each cDNA insert at the NotI site, antisense RNA
probes were prepared by using SalI-digested plasmids as templates.
NotI-digested plasmids were used for sense RNA probes.
RESULTS
Expression of Myosin Heavy Chain II
We first examined the spatial expression pattern of the
gene encoding MHC-II at the tipped aggregate and culmi-
nation stages. The tipped aggregate consists of prestalk A
(PstA) cells, prestalk O (PstO) cells, anterior-like cells
(ALCs), rear-guard cells (one of the Pst subpopulations), and
prespore cells, as schematically illustrated in Fig. 1A (Stern-
FIG. 2. Spatial expression patterns of psA and mhc-II genes in Di
ggregates and early (C) and middle culminants (D). Expression of
ar, 800 mm. (D) Bar, 800 mm.Copyright © 2000 by Academic Press. All righterd and David, 1981; Jermyn et al., 1989; Early et al., 1993).
trong staining for mhc-II mRNA was observed in the
nterior prestalk region (PstA and PstO) and rear-guard cells
f tipped aggregates (Fig. 2A), which is complementary to
he staining pattern obtained with prespore-specific psA or
19 mRNA (Early et al., 1988) (Fig. 2B). Sparsely stained
ells, probably ALCs, were also seen scattered throughout
he posterior prespore region (Figs. 1A and 2A). At the early
ulmination stage, PstA cells differentiate into PstAB cells,
hich then enter the cellulosic stalk tube formed in the
entral core of the anterior prestalk region (Fig. 1B). A band
f strong mhc-II mRNA signal appeared at the boundary
etween the anterior prestalk and the posterior prespore
egions of the culminants, which may correspond to upper-
up cells (Figs. 1B and 2C). Another group of strongly
tained cells was observed in the posteriormost region,
hich corresponds to lower-cup cells. Moreover, mhc-II
RNA totally disappeared from the anterior prestalk re-
ion. Scattered cells in the prespore region remained posi-
ive for mhc-II mRNA. Such staining pattern was main-
ained throughout the culmination stage (Fig. 2D). When
IG-labeled sense RNA was used as a probe, no significant
ignal was observed (data not shown).
telium. Spatial expression of genes encoding MHC-II (A) in tipped
RNA for D19 or PsA in a tipped aggregate is shown (B). (A, B, C)ctyos
the ms of reproduction in any form reserved.
e117Spatial Gene Expression in DictyosteliumFIG. 3. Spatial expression patterns of genes encoding ELC, RLC, MHCK-C, and MLCK-A. (A, C, E, G) Tipped aggregates and (B, D, F, G)
arly culminants. (A, B) elc, (C, D) rlc, (E, F) mhck-C, and (G, H) mlck-A. Bar, 800 mm.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
m
t
t
t
e
i
p
a
a
p
R
s
g
M
S
as well as the prestalk AB cells in the nascent stalks (Fig.
C
118 Maeda et al.Expression of Essential and Regulatory Myosin
Light Chains
Myosin is a heterohexamer composed of two copies of the
heavy chain (MHC-II), essential light chain (ELC), and RLC.
ELC and RLC are involved in coordinate regulation of both
actin-activated ATPase and assembly of MHC-II (Pollenz et
al., 1992; Chen et al., 1994). We found that both elc and rlc
RNAs were restricted to the anterior prestalk region and
he rear guard of the tipped aggregates (Figs. 3A and 3C). In
he early culminants, however, the expression pattern of
he elc gene became distinct from that of the rlc gene. The
lc mRNA was observed in the anterior prestalk region and,
n some specimens, in a region which appeared to be in the
rocess of stalk formation (Fig. 3B). On the other hand, the
mount of the rlc mRNA was considerably reduced in this
nterior region, and a significant difference between
restalk and prespore cells was not obvious (Fig. 3D). Sense
NA probes for elc and rlc genes never gave significant
ignals (data not shown).
Expressions of Myosin Heavy Chain and Light
Chain Kinases
Myosin function is regulated by phosphorylation of
MHC-II and RLC by myosin heavy chain kinase (MHCK)
and myosin light chain kinase (MLCK), respectively (Berlot
et al., 1987; Tan and Spudich, 1991; Kolman et al., 1996;
Silveira et al., 1998). Phosphorylation of the C-terminal
portion of MHC-II prevents myosin molecules from poly-
merizing to form thick filaments (Luck-Vielmetter et al.,
1991; Egelhoff et al., 1993). So far, four distinct MHCK
enes encoding PKC-MHCK, MHCK-A, MHCK-B, and
HCK-C have been identified in Dictyostelium (Ravid and
pudich, 1992; Futey et al., 1995; Clancy et al., 1997; Iranfer
and Loomis, 1998). PKC-MHCK, MHCK-A, and MHCK-B
were shown to phosphorylate MHC-II (Ravid and Spudich,
1989; Futey et al., 1995; Clancy et al., 1997), whereas the
biochemical properties of MHCK-C have not been charac-
terized yet. Among these kinase genes, we analyzed cDNA
clones for mhck-A, -B, and -C obtained from the Dictyoste-
lium cDNA project (Table 1). The mhck-A and -B genes
were almost uniformly expressed in all regions of the tipped
aggregates and no notable change in the expression was
observed in the early culminants (data not shown). The
mhck-C gene, however, showed a unique expression pat-
tern: it was abundantly expressed in the anterior prestalk
region of the tipped aggregates (Fig. 3E), but almost absent
in the early culminants (Fig. 3F). Instead, strong staining
was evident in prestalk AB cells around the nascent stalk
(Fig. 3F).
Although biochemical data on the mutant lacking
MLCK-A suggest the existence of other MLCKs, only the
mlck-A gene has so far been identified (Smith et al., 1996).
As clearly seen in Fig. 3G, the mlck-A mRNA was ex-
pressed mainly in the anterior prestalk region of the tipped
aggregates; however, it became abundant in the upper-cupCopyright © 2000 by Academic Press. All right3H).
DISCUSSION
Based on the available results of the Dictyostelium
cDNA project currently in progress in Japan, we became
interested in analyzing the spatial expression patterns of
the genes that are structurally or functionally related. The
present study examined the spatial expression pattern of
the genes encoding MHC-II and its associated proteins in
the late stages of Dictyostelium. Previously, it was found
that Dictyostelium cells lacking either functional MHC-II
or RLC never developed beyond the mound stage (De
Lozanne and Spudich, 1987; Knecht and Loomis, 1987;
Springer et al., 1994; Chen et al., 1994; Chen et al., 1995).
Enriched expression of mhc-II and rlc mRNAs in anterior
prestalk cells of a tipped aggregate suggests a particular role
for myosin function in tip formation (Figs. 2A and 3C).
Coexpression of the genes encoding ELC, RLC, and MLCK
in anterior prestalk cells seems to support a particular
function of myosin function there (Figs. 2A, 3A, 3C, and
3G). Surprisingly, however, such coexpression was not
observed in early culminants. Expression of these genes is
distinctively regulated depending on the genes. Various
expression patterns in early culminants suggest that signals
affecting gene expression become more complex and more
cell types differentiate in the early culmination stage than
in the preceding developmental stages.
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